and dIII components of R. rubrum transhydrogenase.
form and connectivity of a Rossmann fold. Its bound NADP ϩ is in good electron density. The structure reveals how the direct, stereospecific transfer of hydride equivalents between NAD(H) and
The dI polypeptides in the complex interact to form a dimer with a two-fold, noncrystallographic symmetry, NADP(H) is achieved at the active site of the enzyme. Asymmetry in the structure of the dI:dIII complex prosuch that the clefts between dI.1 and dI.2 face away from each other (Figure 2 ). The quite extensive contact vides new information about the organization of intact transhydrogenase and the mechanism of proton transloregions between the polypeptides of the dimer are similar to those in each of the two dimers found in isolated cation.
dI crystals [21] , and they are relevant to an understanding of the asymmetric interaction between dI and dIII Results and Discussion (Figures 2 and 4) . They involve helices ␣6, ␣7, ␣11, the antiparallel ␤ hairpin (loop ␣6-␤g), which protrudes from The R. rubrum dI:dIII Complex Is Heterotrimeric the N-terminal edge of the ␤ sheets of dI.2, and loops In solution, simple mixtures of recombinant dI and dIII ␤b-␣2 and ␣10-␤k. Both hydrophobic and H bond interspontaneously form a complex that catalyzes transhyactions contribute to the dimer interface. As a result of drogenation even in the absence of membrane-spanthese interactions, d1.2(A) and dI.2(B) form a central ning dII [7-9, 14-17]. Crystals of the R. rubrum dI.NAD ϩ :
rigid "core" to the dI dimer; they lie back to back across dIII.NADP ϩ complex were grown from solutions conthe two-fold axis of symmetry. The two dI.1 domains taining equimolar amounts of the two protein compoare positioned more peripherally, with their centers lying nents (either native or selenomethionyl derivatives), and further from the symmetry axis. Note that the contacts these were subjected to structure determination by between the two dimers, which give a 222 tetramer in X-ray diffraction methods. In the asymmetric unit of the the asymmetric unit of isolated dI crystals [21] , are procrystals, there was electron density from two polypep- helix ␣B in dIII interact extensively (through both hyments in the analytical ultracentrifuge lead to a similar drophobic and H bond contacts) with residues in helices conclusion (J. D. Venning and N. Errington, personal ␣6, ␣7, and ␣8 in dI.2(B). In addition, residues at the N communication). NMR experiments suggested that a terminus of helix ␣A in dIII pack against those from second dIII can bind to the heterotrimer but only with helix ␣8 in dI.2(B). The contacts between dIII and dI.2(A) very low affinity [22] . mostly involve the extended ␤ hairpin of the latter, where The polypeptide folds in the dI:dIII complex are very it stretches across the back of the dI(B) cleft. Residues similar to those observed in the respective structures of in the hairpin pack against residues from the binding isolated dI [21] and dIII [4, [18] [19] [20] . Thus, each dI polyloop for the NADP ϩ nicotinamide and those from the N peptide comprises two domains: dI.1 (residues 1-137 and C termini of strand ␤3 in dIII (this is a highly acidic and 328-384) and dI.2 (residues 138-327). Each of the region, identified in [18, 19] ). Also, the OH group of invaritwo domains of dI assembles into a predominantly paralant Y106 in loop ␣B-␤3 of dIII makes an H bond with lel ␤ sheet flanked by helices, and each has the general the carbonyl of invariant G195 in loop ␣7-␤h of dI.2(A). form and connectivity of a Rossmann fold (Figures 1, 2, The relatively few contacts between dI.1(B) and dIII are and 3). The two domains are separated by a deep cleft in what appear to be important regions of the protein. and are linked by two long ␣ helices (␣6 and ␣11), both In dI.1(B) this set of contacts involves residues in the of which are broken at possible hinge sites for cleft highly conserved region comprising the ␤f-␣6 loop and opening. The C termini of the two ␤ sheets face one the first segment of helix ␣6 (i.e., N-terminal to the break another across the cleft. The two polypeptides of dI, in the helix)-this region (residues 126-136), which we designated A and B, have slightly different conformashall call the "RQD loop," will be referred to at length tions; the four domains of the dI dimer are thus dI. invariant S138. In polypeptide B, there is a substantially chain of the latter residue is slightly repositioned by a switch of the H bond from the amide of S138 to the side different organization in this region. The side chain of R127 is reoriented, such that its guanidinium group now chain hydroxyl. There are somewhat analogous though less elaborate changes in the H bonding organization makes an H bond with the D135 carboxylate; the side 
